Gradual transfer experiments were conducted to see whether Japanese dace Tribolodon hakonensis (freshwater species) and Japanese black porgy Acanthopagrus schlegelii (marine species) could acclimate to high and low temperatures in natal and nonnatal osmotic environments. Two groups of each species, one acclimated to their natal osmotic environment and the other to a non-natal osmotic environment, were exposed to gradual temperature changes. Under high temperature conditions, the plasma osmolality (Posm) of both species approached the osmolality of ambient water, and high mortality was observed in the non-natal osmotic environments but not in the natal osmotic environments. In contrast, there was no clear evidence that the osmoregulatory capacity of either species had declined under low temperature conditions in the natal and non-natal osmotic environments. Limited adaptation of these fishes to non-natal osmotic environments at high temperature suggests that global warming may impair their entry to non-natal habitats.
Introduction
Euryhaline wanderer fishes in the temperate zone are known to exhibit seasonal habitat changes (Day et al. 1989; Able and Fahay 1998; Ishitobi et al. 2000; Able and Fahay 2010) . These species typically enter nonnatal osmotic environments (hypertonic environments for freshwater species and hypotonic environments for marine species) in estuaries during spring to summer and migrate back to their natal osmotic environments during fall and winter (Nakamura et al. 2016 ). Since these species typically enter estuaries in warm seasons, coastal warming, which is occurring across broad areas of the world's coastlines (Lima and Wethey 2012) , may force them to tolerate higher temperatures in non-natal osmotic environments. This may be problematic because the osmoregulatory capacities of euryhaline fishes can be affected by water temperature (Sardella et al. 2008; Nakamura et al. 2016; Masroor et al. 2018; Vargas-Chacoff et al. 2018) . However, only a few studies have investigated the relationship between osmoregulatory capacity and temperature in terms of euryhaline wanderers' natal and non-natal osmotic environments (Nakamura et al. 2016; Masroor et al. 2018) , and the relationship between these factors remains unclear.
A recent study on two euryhaline wanderers, Japanese dace Tribolodon hakonensis (freshwater species) and Japanese black porgy Acanthopagrus schlegelii (marine species), reported that they are less tolerant of abrupt temperature changes in non-natal osmotic environments than in their natal osmotic environments (Nakamura et al. 2016) . Dace inhabit areas from the upper reaches of rivers to coastal bays (Moriyama et al. 2008; Ishizaki et al. 2009 ) whereas black porgy is found in habitats from coastal areas to the upper reaches of estuaries (Fujita 2004; Tran et al. 2019 ). Both species are widely distributed in the temperate regions of Japan, which have wide temperature ranges throughout the year, so they can experience a wide range of water temperatures including summer temperatures of around 30°C and winter temperatures of around 10°C (Fujita 2004; Tsutsumi and Guo 2016) . Nakamura et al. (2016) exposed these species to temperature changes of up to 13°C within 3 h, and determined their capacity to acclimate to high and low temperatures in a short period of time. This study suggested that temperature increases in estuaries can possibly influence the seasonal habitat transition of dace and black porgy that enter estuaries during summer (Sakai 1995; Katano et al. 2010; Yokoo et al. 2010) . In general, however, fish are able to become acclimated to a broader range of temperatures when subjected to gradual temperature changes than when subjected to sudden temperature changes (Bennett and Judd 1992; Bennett and Beitinger 1997) . Thus, in order to estimate the potential effect of global warming on the migratory ecology of euryhaline wanderers, the capacity to acclimate to high and low temperatures needs to be validated under gradual temperature changes.
The objective of this study was thus to empirically compare the range of temperatures to which dace and black porgy could acclimate when they were subjected to gradual temperature changes in their natal and nonnatal osmotic environments. Firstly, two groups of each species, one acclimated to their natal osmotic environment and the other to a non-natal osmotic environment, were prepared at a water temperature of 20°C. Next, the fish in each group were divided into hot, cool and control groups in the osmotic environment to which they had been acclimated. The fish in the hot and cool treatments were exposed to temperature increases and decreases, respectively, of 1°C per day (challenge tests). The control group was maintained at 20°C throughout the 15-day experimental period. Fish were sampled at regular intervals during this period, and the plasma osmolality (Posm) of individuals and mortality were determined. The Posm data obtained from the hot and cool treatments were applied to a generalized linear model (GLM) or quadratic curve and compared with the corresponding data obtained from the control groups, in order to estimate whether the osmoregulatory capacity was maintained.
Materials and methods

Animals
The Japanese dace used in this study were collected in 13 January 2014 with a throw net in the pure freshwater area of the Terakawa River (35°28'15 N, 135°23′33E). After being captured, the individuals were transported to the Maizuru Fisheries Research Station (MFRS) of Kyoto University located in Maizuru (35°29'21 N, 135°22′03E) . The individuals used in the experiments were fingerings and ranged in standard length (SL) from 80 to 162 mm. The Japanese black porgy used in this study were hatchery-born and reared in filtered seawater at the MFRS under a natural photoperiod and water temperature. The individuals used in the experiments were fingerings and ranged in SL from 59 to 104 mm. Since these species start entering estuaries in the late larval or juvenile stage (Fujita 2004; Ishizaki et al. 2009; Tran et al. 2019) , the individuals of both species used in the experiments were within the migratory size range.
About 250 dace and 150 black porgy were kept in 500-l clear polycarbonate tanks (two tanks for dace and one for black porgy) filled with freshwater and seawater, respectively. Water temperature was not adjusted in all the tanks. The fish were fed to satiation with commercial pellets (dace: Kawasakana-no-esa, GEX, Japan; black porgy: Otohime S2, Marubeni Nisshin Feed, Japan) once a day for about six days until being transported to the University of Tokyo (35°42'59 N; 139°45′37E) on 20 January 2014. After being transported to the University of Tokyo, the dace and porgy were introduced into 700-l FRP tanks filled with well-aerated 20°C freshwater and seawater, respectively. The SW used at the University of Tokyo was surface water of the Kuroshio Current flowing offshore in the northwestern Pacific. Those two tanks were equipped with filtering and temperature control systems. The tanks were located outdoors, and were covered with an open roof that exposed the fish to a natural photoperiod. The fish were fed to satiation once a day with the commercial pellets mentioned above.
Acclimation of fish
To prepare the natal osmotic environment-acclimated groups, about half of the total fish (120 dace and 70 black porgy) were kept in the original 700-l FRP tanks for 2-3 months. To prepare the non-natal osmotic environment-acclimated groups, the rest of the dace and porgy were acclimated in FRP tanks through several steps at 20°C as follows, since direct transfer to nonnatal osmotic environments can cause high mortality.
For acclimating the dace to seawater, they were first transferred from freshwater to 15 ppt seawater. Five days after this first transfer, they were transferred to full-strength seawater (32 ppt). The black porgy were first transferred from full-strength seawater to 10 ppt seawater. After an acclimation period of one day, the salinity of the tank water was reduced to 5 ppt, followed by a 2 ppt degradation each day until the salinity reached 1 ppt. The fishes were kept there for more than 10 days and treated as non-natal osmotic environmentacclimated groups (dace: seawater-acclimated (SWacclimated) group; black porgy: hypotonic environment-acclimated (HE-acclimated) group). The black porgy were acclimated to a hypotonic environment of 1 ppt instead of freshwater since high mortality was observed in freshwater in an exploratory experiment.
Procedure of challenge tests
Three 300-l acrylic tanks equipped with filtering and temperature control systems were used for each challenge test conducted from February 14 to May 13 of 2014. The three tanks were used as hot, cool and control groups. The experiments were conducted consecutively for the SW-acclimated dace, SW-acclimated black porgy, freshwater (FW)-acclimated dace and HEacclimated black porgy. The water temperatures of the hot and cool treatments were raised and lowered, respectively, 1°C/day from 20°C with the fish in the tanks. The control tank was maintained at 20°C. Since the experimental period was 15 days, the temperatures of the hot and cool treatments were expected to reach 35°C and 5°C, respectively, by the end of the experimental period. However, the highest temperatures of the hot treatments of the SW-and FW-acclimated dace were 31°C and 32°C, respectively, due to high mortality. The lowest temperatures of the cool treatments of the HEacclimated porgy and the FW-acclimated dace were 6°C and 7°C, respectively, since the capability of the temperature cooling system was limited. The water temperatures of the other treatments were successfully changed in accordance with the experimental design (Table S1, S2).
At the beginning of each challenge test, five individuals were sampled from each acclimation tank as initial samples. After this, the following number of individuals were put into each of the three 300-l tanks mentioned above: 30 individuals of the SW-acclimated dace, 30 individuals of the FW-acclimated dace, 20 individuals of the SW-acclimated porgy, and 18 individuals of the HE-acclimated porgy. The number of individuals of the HE-acclimated black porgy was smaller than that of the SW-acclimated porgy because the mortality of the black porgy during the HE-acclimation period was so high that we could not prepare enough individuals. Five individuals of the dace and black porgy were sampled every three and five days, respectively, as long as enough individuals were left in the tanks. Dead individuals were removed from the tanks every day. Due to high mortality, only four individuals could be sampled at the last sampling point for the control and hot treatment of the HE-acclimated black porgy and at the fourth sampling point for the hot treatment of the SWacclimated dace (Table S1, S2). Fish were not fed during the challenge tests.
Sampling
Sampled individuals were anesthetized with 0.1% 2phenoxyethanol, and standard length (L S ) and wet mass (M W ) were measured. Blood was collected from caudal vessels with a heparinized syringe and needle. Blood plasma was separated by centrifugation (5000 rpm, 5 min) and stored at −20°C. Later, the Posm was measured with a vapor pressure osmometer (Wescor 5520, Logan, UT, USA).
Statistical analysis
All the statistical procedures were conducted using the statistical software R version 3.4.1 (R Core Team 2017). The Posm of each of the hot and cool treatments was plotted against the water temperature and compared with the Posm of the control sampled at approximately the same time to determine if the osmoregulatory capacity of each species was maintained. We used generalized linear models (GLM) for the hot and cool treatments to define the relationship between the Posm and the water temperature, assuming a gamma error distribution and a log link function. For the cool treatment of the HEacclimated black porgy, the Posm showed a peculiar curve, and the GLM showed a poor fit (AIC: 173.8). Thus, for this treatment, data were fit to a quadratic curve using nonlinear least squares estimates (AIC: 166.6). Whether osmoregulatory ability had decreased by the effect of temperature change was estimated by comparing the Posm at a given temperature with the Posm of the control at the nearest time point. Survival rates were calculated by the following equation:
where i is the number of individuals introduced in each tank and d is the cumulative number of dead individuals. The significance of these differences was determined by Welch's t-tests. The "ggplot2 version 3.0.0" package was used for model fitting and generating figures.
The significance level of all the statistical tests was set at α = 0.05.
Results
Experiment 1: temperature challenge on dace
In FW, the Posm decreased slightly as the ambient water temperature decreased or increased and was significantly lower than the Posm of the control at 32°C and at every temperature lower than 14°C (Welch's t-test, P < 0.05) (Fig. 1a) . However, the estimated plasma osmolalities at the highest (32°C) and lowest (7°C) temperatures were only 2-3% lower than the estimated Posm at 20°C, and the range of variation in the Posm was much smaller than that in SW (Fig. 1, Table S1 ).
In SW, which is a non-natal osmotic environment for this species, the Posm showed a significant increase in association with the increase in ambient water temperature, and the estimated plasma osmolality at 31°C was 13% higher than that at 20°C (Fig. 1b) . The Posm at every temperature above 26°C was higher than the Posm of the control (Welch's t-test, P < 0.01). In the cool treatment, the Posm decreased gradually as the ambient water temperature decreased, and the estimated plasma osmolality at 5°C was 4% lower than that at 20°C. The Posm at 8°C was significantly lower than the Posm of the control (Welch's t-test, P = 0.02).
In FW, no individuals died in the cool treatment and control, whereas ten individuals died in the hot treatment when the temperature reached 32°C. High mortality was observed in the SW-acclimated group. In total, six individuals in the cool treatment and control, and eleven individuals in the hot treatment died (Fig. 2 , Table S1 ).
Experiment 2: temperature challenge on porgy
In HE, which is a non-natal osmotic environment for this species, no difference was observed between the Posm of the control and the Posm of the hot treatment until the temperature in the hot treatment reached 30°C. However, when the temperature reached 35°C, the Posm showed a marked drop and became significantly lower than the Posm of the control (Welch's t-test, P = 0.02) (Fig. 3a) . The estimated plasma osmolality at 35°C was 12% lower than that at 20°C. The Posm of the cool treatment consistently decreased as the ambient water temperature got lower, and the estimated plasma osmolality at 6°C was 9% lower than that at 20°C. The Posm at 10°C and 6°C were significantly lower than the Posm of the control (Welch's t-test, P < 0.05).
In SW, which is the natal osmotic environment for this species, the Posm of the hot treatment did not differ from that of the control at any sampling point (Welch's ttest, P > 0.33) (Fig. 3b) . In contrast, the Posm of the cool treatment decreased in the same manner as that of the HE cool treatment, and the estimated plasma osmolality at 5°C was 9% lower than that at 20°C. The Posm at 5°C was significantly lower than the Posm of the control (Welch's t-test, P = 0.003).
In HE, four individuals died in each of the hot treatment and control group, whereas none died in the cool treatment. In SW, one individual died in the control, which was the only mortality observed in this group (Fig. 4 , Table S2 ).
Discussion
Osmoregulatory capacity at high temperature Whether osmoregulatory capacity was maintained can be estimated by observing the dynamics of the Posm in relation to ambient water osmolality. The Posm of the SW-acclimated dace increased significantly with the increase in temperature. Moreover, the Posm of the HE-acclimated black porgy showed a significant drop at 35°C. These results clearly show that the Posm of both species approached the osmolality of ambient water under high temperature conditions in the non-natal osmotic environments. This fact suggests that the osmoregulatory capacities of both species were reduced in the non-natal osmotic environments under warmer conditions. Contrastingly, in the natal osmotic environment for each species, no clear change in the Posm was observed in response to the temperature rise. Although the Posm of the dace at 32°C was significantly lower than the Posm of the control, the high Posm in the control, not the decline in the Posm of the hot treatment, seems to be the cause of this result, since the decreasing trend obtained from the model was not so clear and the variation in the Posm between the individuals was small (Fig. 1b, Table S1 ). These results clearly indicate that the capacities of dace and black porgy to acclimate to high temperatures are lower in non-natal osmotic environments than in their natal osmotic environments. This feature is shared by both these species of freshwater and marine fishes, suggesting that this is a general characteristic of euryhaline wanderers. Both species occur in nature at the salinities of the non-natal osmotic environments tested in this study (Ishizaki et al. 2009; Tran et al. 2019) and extremely hot days are becoming more common in broad areas of the world (Lima and Wethey 2012) . These indicate that the entry of euryhaline wanderer fishes into non-natal osmotic environments during warm seasons might be influenced by coastal warming.
Osmoregulatory capacity in low temperature
The Posm of the dace and the Posm of the black porgy decreased as the temperature got lower both in the natal Fig. 1 Plasma osmolality (Posm) of Japanese dace Tribolodon hakonensis acclimated to natal (freshwater, a) and non-natal (seawater, b) osmotic environments under various temperature conditions. Blue and red indicate cool and hot treatments, respectively. Each colored plot shows the mean Posm at each sampling point. The dashed and solid lines are model fits to data of the cool and hot treatments obtained by the generalized linear model (GLM). Square plots show Posm of the control group, which was determined at approximately the same time as those of the hot and cool treatments. Vertical lines on symbols indicate standard errors (SE). Asterisks indicate significant differences between the hot or cool treatment and the control group at each sampling point (Welch's ttest, **P < 0.01, * P < 0.05) and in non-natal osmotic environments. The cause of the decrease in the Posm of the FW-acclimated dace or HEacclimated black porgy might be an impaired osmoregulatory capacity. However, such an interpretation seems uncertain in the present case for the following reasons. Firstly, the behavior of the Posm of the FWacclimated dace or HE-acclimated black porgy was similar to the behavior of the Posm of the SWacclimated groups, which cannot be associated with a degradation in osmoregulatory capacity. Secondly, the variation in the Posm between the individuals was very small even at the lowest temperature (Tables S1, S2), and no mortality was observed in these treatments (Figs. 2, 4 ; Tables S1, S2). Thus, it seems more likely that the decrease in the Posm of the FW-acclimated dace or the HE-acclimated black porgy may have been the result of some kind of physiological response to low temperature rather than it being caused by the collapse of the homeostatic mechanism.
Although the FW species and SW species used in our study shared the same characteristics, various patterns in the dynamics of Posm under low temperature conditions have been reported. Several studies as well as our study have reported decreases in the Posm under low temperature in natal or non-natal osmotic environments (Umminger 1971; Finstad et al. 1988 ). In contrast, some studies have reported increases in the Posm under low temperature (Ahokas and Sorg 1977; Metz et al. 2003; Imsland et al. 2003) . Since there is no consistent pattern in dynamics of the Posm under low temperature conditions and the function or mechanism of this Posm decrease/increase remains unclear, further research is needed to clarify why and how the Posm of the dace and the black porgy decreased under the low temperature conditions both in the natal and non-natal osmotic environments.
As described above, our results showed no clear evidence that the osmoregulatory capacity of either species had declined under low temperature conditions in Fig. 2 Survival rate of Japanese dace Tribolodon hakonensis acclimated to natal (freshwater, a) and non-natal (seawater, b) osmotic environments under various temperature conditions. Blue, red and gray indicate cool, hot and control groups, respectively. Hot treatments in the natal and non-natal osmotic conditions were ended on the 12th (a) and 11th (b) days of experiment, respectively, since all the individuals were dead on these dates the natal osmotic environment or the non-natal osmotic environment. This result is different from that obtained in our previous direct transfer experiments, in which many individual dace and black porgy died when exposed to a rapid decrease in temperature in non-natal osmotic environments (Nakamura et al. 2016) . The different results obtained from these two studies suggest that both species are capable of acclimating to cold nonnatal osmotic environments when enough time is provided. Nevertheless, experiments under even lower temperatures should be conducted to clarify the lower limit of temperature that they can acclimate to in natal and non-natal osmotic environments. Osmoregulation in cold non-natal osmotic environments may be more costly than that in natal osmotic environments, and this may be a possible cause of migration back to natal osmotic environments in cold seasons. Measuring other parameters such as Na + /K + -ATPase activity may help evaluate this possibility.
Our results at high temperature indicate that dace and black porgy may avoid hot non-natal osmotic environments in nature. However, at present, their habitat range is considered mainly from a geographical point of view, and the limits of environmental parameters such as the temperature and salinity of their habitats are not clear. As a next step, field studies focusing on the temperature and salinity variations of their natural habitats should be conducted to determine the effect of the physiological limitations that were suggested from this study on their habitat selection in nature.
We conducted the experiments under extreme conditions to determine the limits of their osmoregulatory capacity. Tests under milder brackish conditions would contribute to a more detailed understanding of their osmoregulatory capacity in relation to temperature. This study was conducted during cool seasons to facilitate the maintenance of low temperature. Conducting similar experiments in warm seasons will be an interesting approach to examine the seasonal effect on euryhaline wanderers' capacity to acclimate to salinity and temperature. These approaches will contribute to a more precise estimate of the effect of coastal warming on the migration ecology of these species.
Conclusion
This study strongly suggests that dace and black porgy are able to acclimate to higher temperatures in their natal osmotic environments than in non-natal osmotic environments. The fact that the two phylogenetically distant species have the same characteristics sheds light on the possibility that the osmoregulatory capacities of various euryhaline wanderers under high temperature conditions may be maintained in their natal osmotic environments, but are impaired in non-natal osmotic environments. This indicates that global warming may affect their seasonal habitat transitions. Further studies should be conducted on various euryhaline wanderer species to verify the generality of the characteristics suggested in this study and to precisely estimate the effect of coastal warming on the migratory ecology of these species. vice on the statistical analysis. We are also grateful to M. J. Miller (Nihon University) and Y. Nakamura for helping to improve the manuscript. The experiments were conducted according to the principles and procedures approved by the Institutional Animal Care and Use Committee of the University of Tokyo.
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